The Young's modulus of a titanium nitride thin film has been investigated in this study by means of nanoindentation technique. Nanoindentation measurements have been coupled to analytical models and finite elements simulation to decorrelate the effect of substrate from the Young's modulus evaluation. Whereas analytical models did not lead to a converging solution towards experimental measurements, an identification based on finite elements calculations is shown necessary. Simulated contact stiffness versus contact areas have been fit with experiments and have led to a Young's modulus of 200±20 GPa for a 180 nm thin film of TiN deposited on a ⟨100⟩ silicon substrate. This study confirms the property of the TiN deposited in thin films to have a different Young's modulus from a bulk TiN.
I. INTRODUCTION
In microsystems and microelectronics, a reliable knowledge and estimate of the mechanical properties on layered structures with single or multiple thin film(s) is necessary to evaluate the stress distribution generated during their processing e.g. when materials with a mechanical mismatch are submitted to different thermal budgets. The properties of thin films are known to be noticeably different from those estimated in a bulk, as soon as the film thickness becomes smaller than 100 nm.
Titanium nitride, widely used in microelectronics and microsystems as a protective layer and thus mainly deposited in thin films for this purpose, is known to exhibit this feature. Hence several studies have been reported in the literature to retrieve TiN's Young's modulus. It has been evaluated between 300 and 450 GPa in a bulk [1, 2] (above 1 µm thick), whereas a larger dispersion is found for lower thicknesses [3, 4] , with a Young's modulus evaluated between 100 and 450 GPa, depending on thicknesses and process conditions [5] . Therefore, literature cannot be * This paper was presented at the 16th International Conference on Solid Films and Surfaces (ICSFS-16), University of Genoa, Genoa, Italy, 1-6 July, 2012.
† Corresponding author: helene.issele@cea.fr a reliable source if the same conditions and thicknesses as studied here are not reported, that is the reason why a specific characterization is necessary. In this context, nanoindentation is useful to evaluate materials' Young's modulus. Figure 1 shows a typical curve obtained by the loading and unloading of the indenter into a sample.
From output measurements, i.e. the load P , the displacement h and the contact stiffness S, i.e. the load-displacement curve at the beginning of the unloading, the expression (1) gives access to an equivalent reduced Young's modulus E ′ eq , depending on materials which interact during the test, the sample's and tip indenter's ones [6] :
E ′ sam and E ′ ind are respectively the Young's moduli of the sample and the indenter, and A c is the contact area, i.e. the projected area impacted by the indentation, depending on the load P and the displacement h. The influence of the tip's elastic properties can be decorrelated from the sample's ones with the formula (2):
But when the sample is made of a film deposited on a substrate, it becomes difficult to retrieve the film Young's modulus directly from measurements. The Young's modulus of the sample is a combination of the Young's moduli of the thin film (E ′ f ) and the substrate (E ′ s ) [7] . Empirical methods are reported in the literature to get the film Young's modulus directly from experimental measurements. A rule says for example that below 10% of the film thickness, the substrate effect is negligible [6] . Moreover, if the displacement h is low, parameters such as the sample roughness, the bad-known tip geometry at its extremity or surface organic contamination, lead to a high uncertainty ∆A c in the contact area evaluation and so in the Young's modulus determination thanks to formula (1), as shown in Fig. 2 [6] .
Therefore, for thin films it becomes difficult to trustfully evaluate the film Young's modulus. There is no range for indentation depths in which the substrate effect and the contact area evaluation uncertainty is negligible. Qualitatively, Fig. 3 presents the variation of E ′ eq with the indentation depths for two cases of film/substrate configuration. Two areas are presented for both cases. The first area (I) corresponds to low indentation depths (h/t f < ∆A c /t f ), for which the uncertainty in the contact area determination leads to unreliable Young's modulus evaluation. The second zone (II) is the range of indentation depths for which the substrate effect can no more be neglected (the 10% empiric rule, h/t f ≥ 0.1). In the a) configuration, the film is thick enough so that the two regions do not overlap. The Young's modulus of the film can then easily be decorrelated from the substrate's one. In case b), as the film is thin, the two regions overlap; thus, no indentation depth can directly lead to a trustful evaluation of the film Young's modulus.
Knowing this, further analyses should be made to trustfully evaluate the thin film's Young modulus, using analytical models and/or numerical simulation. The goal of this study is to retrieve a thin film of TiN's Young's modulus by nanoindentation, and to compare values obtained using analytical models with those extracted from inverse modeling with the finite element method (FEM).
II. EXPERIMENTAL

A. Sample preparation and indentation conditions
The titanium nitride thin film was processed by physical vapor deposition, with a 12 kW plasma power and a process temperature of 350
• C. 180 nm were deposited on a 725 µm thick ⟨100⟩ silicon substrate. Figure 4 shows a SEM picture of the TiN thin film thus deposited.
The indentation tests were performed with a Nanoindenter XP MTS microprobe, using the Continuous Stiffness Measurement (CSM) mode. Four series of indents of 80 nm, 110 nm, 130 nm and 150 nm were performed on the sample, which represent respectively 45%, 60%, 72% and 83% of the film thickness. These depths were chosen to overcome the mentioned uncertainty ∆A c in the contact area evaluation, and to keep indentations into the film. The film was indented with a Berkovich tip, which is a three-sided pyramidal tip, as shown in Fig. 5(a) . The other methodology to get a Young's modulus is to use measurements and finite element calculations. Reproducing the sample's mechanical behavior by FEM, it is possible to adjust the thin film's properties from the best fit between the Stiffness-contact area curves obtained in the simulations and the experimental measurements. In our study, the contact stiffness S depends on the contact area A c . S will then be compared in order to be able to adjust only the film's elastic properties, as explained in the next sections.
III. RESULTS AND DISCUSSIONS
A. Analytical models
Two different analytical models were considered to analyze experimental data. The first was proposed in 1992 by Gao et al. [8] . This model relies on finite element method to establish an analytical expression, based on a "weight function" Φ Gao , of a combined Young's modulus E 
where t f and a are respectively the film thickness and contact radius, and:
.
The contact radius is calculated according to (5):
where C 1 , C 2 and C 3 are coefficients determined by the tip calibration on fused silica, and h c is the contact height calculated by the Oliver and Pharr model [9] :
The second model which was used to retrieve TiN's Young's modulus was proposed in 2006 by Bec et al. [10] , and relies on analytical calculations based on the expression of the film and substrate stiffnesses associated in series, leading to formula (7):
where t f and a are respectively the film thickness and contact radius, calculated with the formula (5), the same way it has been calculated with Gao's model. Initial parameters were fixed for both models and reported in Table I . Silicon elastic properties and TiN's Poisson ratio were taken from the literature [11, 12] , whereas TiN's thickness was measured by the X-ray reflectivity technique.
For TiN, an approximate value of the Poisson ratio is enough for the indentation test as the reduced Young's Modulus E ′ is concerned. The parameter depends primary on the magnitude of the Young's modulus, and too little on the Poisson ratio that appears in the denominator with E ′ = E/(1 − ν 2 ). Knowing these parameters, a least mean square method was applied on TiN's Young's modulus E ′ f to fit experimental reduced Young's modulus with theoretical ones, E ′ Gao and E ′ Bec . Figure 6 shows experimental measurements compared to theoretical calculations from the best fit obtained for both models. The best fits obtained for the Young's modulus of the TiN are reported in Table II. Two points have to be noticed here: first, for both models there is not a good fit on the whole range of experimental data (see Fig. 6 ) when a single Young's modulus of the TiN is used. These fits lead to a large discrepancy in the identified Young's modulus, so that these analytical models are not reliable in the configuration under consideration. This observation has motivated the development of a detailed finite element investigation of this nanoindentation test. This appears necessary to derive a reliable estimation of the Young's modulus of our specific thin film of TiN.
B. Finite element simulations
A specific investigation has been here developed to use finite element analysis to retrieve TiN's Young's modulus. A direct comparison between the load-depth experimental curve and FE calculations is not straightforward, as new inputs are necessary as the film's yield stress and hardening response that are known to be length-scale dependent and not easy to evaluate experimentally. In order to overcome this difficulty, we choose to compare the contact stiffness (see Eq. (1)) from the FE calculations with that measured experimentally. This approach allows considering an elastic problem that enables the identification of TiN's Young's Modulus (the Poisson ratio being fixed already).
This approach is motivated by the elastic sample response during the unloading, that provides a unique mechanical information depending on its elastic properties. The contact stiffness, defined by the slope of the loaddepth curve at the beginning of the unloading (see Fig. 1 ), versus the contact area is used for the identification. Practically, one performs indentations tests at different penetration depths. By acquiring an image of the indent (Fig. 7) , and measuring the experimental contact area (with an image treatment software), the contact stiffness is derived from this measurement by the corresponding load level at the onset of unloading. This results in experimental data S(A c ) exp corresponding to specific contact areas that will be compared to the FE predictions.
In Table III , four measurements are reported that will be used for the FE identification of the Young's modu- lus to be presented next. To compare these experimental points with FE simulations, the FE software Abaqus TM is used with the isotropic-elastic properties of each constituent reported in Table IV . Because of the Berkovich tip geometry, it is possible to consider only one-third of the sample. A hard contact is assumed between the indenter and the film with no friction. A surface to surface interaction is used with Abaqus TM to handle practically the contact problem.
Boundary conditions are prescribed along the symmetry planes of the sample (substrate + film) and indenter to ensure the one-third geometry of the real problem: no displacement on lateral surface's normal direction, no displacement in the Z-direction for nodes located on the bottom face (the region of the substrate far from the contact region), and only Z direction allowed for the central ridge's ones. The Berkovich tip was built with full account of its geometry. As the sample is totally elastic, loading or unloading the tip leads to the same mechanical behavior. It is thus sufficient only to simulate the loading of the tip into the sample; this is why the load step consists in final 180 nm tip displacement in the Z-direction, with no displacement in the other directions, thus covering the indentation depths reported experimentally (see Table III ). The sample was meshed so that a finer mesh has been set around the indentation in the film, as shown in Fig. 8 .
To get the simulated contact stiffness, the displacement and reaction force in the Z-direction of a reference point on the tip has been extracted. In parallel, displacement in the Z-direction and (X, Y ) coordinates of the top surface's nodes were extracted and treated to get an image of the indent during each step of the loading, as shown in Fig. 9 .
Three different TiN's Young's modulus have been simulated, and the best fit compared to experimental points was obtained for a Young's modulus of 200±20 GPa, as shown in Fig. 10 .
We showed in the first part that Bec's and Gao's ana- lytical models led to a large dispersion in the TiN Young's modulus evaluation, ranging it between 300 and 800 GPa. These models are thus not reliable for our sample.
To explain such results, Perriot and Barthel [13] pointed out that many analytical models such as Bec's and Gao's ones rely on the Hertz contact theory [14] for homogeneous systems. This theory assumes that the indentation depth h is directly proportional to the contact radius a, thus leading to Oliver and Pharr expression (7) to calculate the actual contact indentation depth h c . This expression becomes questionable when it comes to coated systems, and even more to thin films/substrate configurations.
Thus, full 3D finite element calculations were performed, which satisfy equilibrium conditions, leading to a TiN Young's modulus evaluated at 200±20 GPa. As long as no analytical model is available for this thin film configuration, finite elements calculations are required.
IV. CONCLUSIONS
In this study, two analysis were applied to determine the Young's modulus by nanoindentation of a 180 nm thin film of titanium nitride deposited on a ⟨100⟩ silicon substrate. The analytical models of Bec et al. and Gao et al. have been applied, but have led to a discrepancy in identified Young's moduli and a bad fit with experimental measurements. A specific investigation has thus been carried out using finite element analysis in order to have the TiN's Young's modulus as the only adjustable parameter to fit the experimental results. From this methodology, the contact stiffness versus the contact area was compared between the experimental measurements and the numerical simulations. This method allows deriving a reliable estimation for a TiN's Young's modulus of 200±20 GPa. These results confirm the particularity of the TiN to have some variable elastic properties for thin film deposits, compared to literature bulk's Young's modulus evaluated between 300 and 450 GPa.
These results could be further compared with another technique which is dedicated to thin film measurements: the picosecond acoustic technique.
